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ABSTRACT 
Over the past decade, developments in the field of microfluidics have emerged 
several useful techniques for microparticle manipulation and cellular assays (e.g. 
mechanical, acoustic, hydrodynamic, magnetophoresis, and dielectrophoresis etc.). 
Among them, one is to use fluid inertia in “lab-on-a-chip” devices. Inertia-based 
methods are very popular due to the superior advantages, e.g., simplicity, 
passiveness, preciseness, continuity, and high-throughput. Two common channel 
structures: spiral and serpentine microchannels have been investigated intensively, 
and widely were reported. Recently, there are some reports to use obstacle structures 
patterned along one or two sides of the straight microchannel to focus and separate 
microparticles. However, after the microchannel and obstacles are designed and 
fabricated, its focusing pattern and performance on specific particles are settled. For 
new sets of microparticles, it has to design and fabricate new devices. In this work, I 
present a novel inertial platform for continuous, high-controllability, label-free 
particle and cell focusing and separation in the straight channel with symmetric 
semicircle obstacle arrays.  
The main objective of this research is to carry out a high-controllability inertial 
focusing and separation in the identical straight channel containing semicircle 
obstacles array. Three basic focusing patterns were observed: (i) single focusing 
streak at the straight channel center; (ii) two focusing streaks at two sidewalls; (iii) 
The transition of focusing streaks between pattern i and pattern ii. Firstly we 
investigated the three different focusing patterns in the straight microchannels with 
circular obstacles array by the theory of the static superposition of inertial lift force 
and secondary flow drag force.  
Besides, we implement a relative velocity gap between microspheres and fluid in 
a straight channel by exerting an electrophoresis (EP) force on the charged 
microparticles. Therefore, saffman lift force induced by relative velocity and fluid 
shear migrate particles towards or away from channel centerline along the lateral 
direction. The direction of saffman lift force depends on the vector product of 
relative velocity and shear rate. Two particles focusing streaks at two sidewalls can 
be altered by changing flow rate and magnitude of the voltage. This demonstrates the 
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possibility to adjust particle inertial focusing pattern in the straight channel with 
obstacles array using Electrophoresis. Manipulation of lateral migration of focusing 
streaks increases controllability in an application such as blood cells filtration and 
separation cells by size. 
In summary, we hope that our study can not only reveal the new possible 
explanation of inertial focusing in simple straight channels with symmetric 
semicircle obstacle arrays, but also provide high controllability and versatile particle 
filtration and manipulation platforms, for the practical application of biological 
sample treatment and clinical blood cells filtration. 
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1 INTRODUCTION 
1.1 Background  
Within the last decade, there are a number of technologies developed or being in 
development to manipulate or sort microparticles and cells in the microfluidic 
devices, e.g., mechanical, acoustic, hydrodynamic, magnetophoresis, and 
dielectrophoresis etc. [1, 2]. Microfluidics is also considered as a technology that 
provides a miniaturization, integration, automation and parallelization platform for 
the application of biomedicine and chemistry, called Lab-on-a-chip, or micro total 
analysis systems (μTAS) [3]. Compared with the traditional macro-scale platforms 
(e.g., petri dish, centrifuge, and flow cytometry etc.), microfluidics has advantages 
including fast processing, low cost, high sensitivity and portability [4, 5]. One 
ultimate goal of microfluidics community is to develop highly integrated, portable 
and cost-effective diagnostic systems for research laboratory and clinics, to diagnose 
and analyze target pathogens or cells directly, eliminating the time-consuming and 
toilsome laboratory analysis procedures. 
Generally, microfluidics manipulation technologies can be sorted as active and 
passive according to the source of the manipulating force. Active techniques such as 
dielectrophoresis (DEP) [6], magnetophoresis (MP) [7] and acoustophoretic (AP) [8] 
etc. employ an external force field to achieve the function, however, passive 
technologies rely on the hydrodynamic forces or channel geometry, such as pinched 
flow fractionation (PFF) [9], deterministic lateral displacement (DLD) [10] and 
inertial microfluidics [11] etc. 
1.2 Motivation 
Recently, inertia-based methods are extremely popular due to its advantages of 
simplicity, passiveness, preciseness, continuity, and high-throughput. Two common 
channel structures: spiral and serpentine microchannels have been investigated 
intensively, and widely were reported. Recently, there are some reports to use 
obstacle structures patterned along one or two sides of the straight microchannel to 
focus and separate microparticles. However, after the microchannel and obstacles are 
designed and fabricated, its focusing pattern and performance on specific particles 
are fixed. For new sets of microparticles, it has to design and fabricate new devices.  
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1.3 Objectives 
The aim of this research is to investigate the inertial focusing in the straight 
channel with semicircular obstacle array and explore the possibility to utilize external 
electric field to adjust the inertial focusing pattern in microfluidics. Because almost 
all the particles and cells will be exerted with net charges on the surface within an 
aqueous solution, external direct current electric field can pull or push particles along 
the main flow stream due to the electrophoresis force, creating relative velocity 
between microparticle and the surrounding fluid. The relative velocity and fluid 
shear will induce shear-slip lift force (Saffman lift force) perpendicular to the 
mainstream direction. Therefore, it is possible to alter inertial focusing pattern using 
the electrophoresis-induced saffman force. The main objectives of this thesis are: 
1) Investigate inertial focusing in a straight channel with semicircle obstacle 
arrays, including the effects of particle size and flow rate on the focusing pattern and 
focusing performance.  
2) Design, optimization, and fabrication of novel Electrophoresis (EP)-modified 
inertial devices for particles focusing and manipulation in a DC electric field 
conducted by reversible electrodes 
3) Demonstrate and analyze the particle focusing and migration phenomenon by 
the electrophoresis-assisted inertial method. Along with the effects of particle size 
and flow rate. 
1.4 Outline of the thesis 
The following is the outline of this thesis: 
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Figure 1-1 The outline of the overall work. 
Chapter 1 introduces the background and motivation of this work. We 
summarize the developments of lab-on-a-chip technologies on particle/cell 
manipulation. The objectives of the work and outline of the thesis are also discussed. 
Chapter 2 summarizes the recent development of inertial focusing and 
separation in inertial microfluidics, especially in the microchannel with semicircular 
obstacle array. And a review of electrokinetics is also presented. The fabrication 
technique applied in “lab on a chip” microdevices is summarized. 
Chapter 3 summarizes the fundamental of inertial microfluidics, including basic 
dynamics of inertial microfluidics, fundamental dynamics of particle movement. And 
the theory of Electrophoresis and Dielectrophoresis will also be discussed. 
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Chapter 4 describes the method and materials for fabricating inertial devices 
with symmetric semicircle obstacle arrays located at straight microchannel sidewalls. 
A novel method to fabricate reversible electrodes is also presented. The experimental 
setup for the experiments is also presented.  
Chapter 5 investigates microparticle inertial focusing in the straight channel 
with symmetric semicircle obstacle arrays. The effects of flow rate and particle size 
will be studied. The combination of inertial lift force effect and secondary flow drag 
force induces two focused particle streams in the straight microchannel. With the use 
of a series of repeated symmetric semicircle obstacles, two single and highly focused 
particle streams was achieved near the straight channel wall at a wide range of flow 
rate. Electrophoresis is utilized to induce Saffman lift force on microparticles, hence 
particle migration in the lateral direction can be adjusted. In addition, the effects of 
particle size and voltage size are also studied. 
Chapter 6 finishes with conclusions on this thesis, summarizes the major finding 
and contribution of current work, and also discusses the future research direction.  
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2 LITERATURE REVIEW 
Microfluidics focuses on building a microfluidic channel system to achieve a variety 
of complex microfluidic manipulation functions. Fluids and particles with 
dimensions ranging from micron to submicron are to be manipulated and controlled 
by microfluidic technologies. Since the sample volumes can be reduced significantly 
and can quickly and sensitively realize reaction, separation and detection within 
lower time and cost, microfluidics can be potentially applied in a wide range of 
biological applications [12], e.g., biosample preparation, drug screening and delivery, 
single cell or molecule detection and analysis, point of care diagnostics and 
therapeutics, chemical reaction control. In microfluidics, precise manipulation (e.g., 
focusing and separation) of microparticles and cells is an essential capability, with a 
variety of applications [11, 13]. Many techniques have been already developed to 
manipulate microparticles in microfluidics. According to the source of the 
manipulating force, they can be categorized as active and passive techniques. Active 
techniques such as dielectrophoresis (DEP) [6], magnetophoresis (MP) [7] and 
acoustophoresis (AP) [8] etc. employ an external force field, and passive techniques 
rely entirely on the hydrodynamic forces or channel geometry, such as pinched flow 
fractionation (PFF) [9], deterministic lateral displacement (DLD) [10] and inertial 
microfluidics [11] etc. An active technique generally allows for a precise control of 
target particles, as well as being adjustable for a wide range of biological particles 
and tuneable in real-time. And a passive technology is simple, robust and faster. 
Here, we summarize the fundamentals and the recent development of inertial 
microfluidics and electrokinetics in the microfluidics, because these two technologies 
will be coupled and used in this work. 
2.1 Inertial microfluidics 
The two predominant effects of inertial microfluidics are recognized as i) inertial 
migration and ii) secondary flow [11]. Inertial migration is the phenomenon that, 
through travelling a long enough distance in the channel, particles migrate laterally 
within cross-sections of the channel and stay stable at several equilibrium positions. 
G. Segre and A. Silberberg first observed and reported this phenomenon in 1962 [14, 
15]. The inertial migration is widely known as the result of interaction between two 
inertial effects: i) The shear gradient lift force 𝐹𝐿𝐿, which originated from the fluid 
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velocity profile’s curvature and the interaction between the particle and itself. And 
this inertial effect pushes particles away from the channel centre. ii) The wall lift 
force 𝐹𝐿𝐿, due to the flow field interaction between the particle suspension and the 
neighbour walls, and this inertial effect drives particles off from the channel’s wall. 
The equilibrium positions are formed where these two inertial lift forces arrive a 
balance [16].  
In inertial microfluidics, another important effect - secondary flow is usually 
introduced within the cross-section of the channel to manipulate particles’ 
movement. And the curved channel [3, 4] or straight channel with disturbance 
obstacles (designing asymmetric geometry of cross-sections) [17-20] is widely used 
to generate the secondary flow. Using secondary flow in an inertial microfluidic 
system brings two foremost benefits. i) The secondary flow circulating within the 
channel’s cross-section offer an additional viscous drag force, regarded as the 
secondary flow drag force, to direct and affect particles laterally in order to 
manipulate the distribution of particles; ii) With the assistance of secondary flow 
drag force, particles are able to reach the equilibrium positions more quickly 
compared with the procedure of inertial migration merely, which promises a smaller 
footprint of channels used [11].  
2.1.1 Straight channels 
When particles travel in a straight channel at moderate Reynolds number, it is well 
known that the shear gradient lift force 𝐹𝐿𝐿 directs towards the channel walls, while 
the wall lift force 𝐹𝐿𝐿 points to the channel centre. There are several equilibrium 
positions formed within cross-sections when these two inertial lift forces reaching a 
balance. First, a straight channel with circular cross-section was introduced, and the 
randomly distributed particles move transversely within the cross-section forming a 
narrow annulus at about 0.6 times of the channel radii centred at the axis of the 
channel [14, 15], shown in Figure 2-1(a). However, the cross-section of 
microchannel used in microfluidics fabricated by standard photolithography is 
limited as the rectangular geometry due to the microfabrication feature. So, the 
situation of straight channels with the rectangular cross-section should be discussed 
in detail. In a square straight channel (AR=height/width=1), particles normally 
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concentrate to four equilibrium positions [21], centred at the channel walls, Figure 2-
1(b). Furthermore, when the aspect ratio of channel lower to 0.5, the equilibrium 
position reduce to two concentrated at the centre about 0.2H away from the long 
walls, Figure 2-1(c) [20-22]. The explanation given by Zhou and Papautsky [23] 
about this equilibrium position's reduction was shown as a two-stage migration 
model which is illustrated in Fig. 1c. In this focusing procedure, microparticles first 
travel from the channel bulk to equilibrium positions near walls due to the influence 
of the shear gradient lift force and wall lift force. Then, particles migrate parallel to 
long walls towards the centre of long walls because of the influence of the rotation-
induced lift force and formed two concentrated positions centred at long faces of the 
channel’s walls. 
When particle travelling in a straight channel, the two dominant parameters 
characterizing the particles’ lateral migration are the particle’s transverse velocity 
(𝑈𝐿) and the minimum axis length (𝐿𝑚𝑚𝑚) to have effect, and they were shown in 
Figure 2-1(d). 𝐿𝑚𝑚𝑚 is the minimum axis length of channel for particles to travel to 
their inertial equilibrium positions and it can be derived by the net inertial lift force 
[24]: 
 𝐹𝑑𝑑𝑑𝑑 = 3𝜋𝜋𝜇𝑈𝐿 (2-1) 
𝑈𝐿 =
𝐹𝐿
3𝜋µ𝑑
=
𝜌𝑓𝑈𝑓
2𝑑3
6𝜋µ𝐻2
    (2-2) 
𝐿𝑚𝑚𝑚 ≈
3𝜋µ𝑓𝐻3
𝜌𝑓𝑈𝑓𝑑3
      (2-3) 
In which, a represents the particle diameter, µ defines dynamic viscosity of 
fluid, Uf represents the average velocity of fluid, H is the Hydraulic diameter of 
channel. There are two dimensionless Reynolds numbers to characterize the inertial 
migration of particles. One is the Reynolds number Re of channel, definied as the 
ratio of inertial force to viscous force. On the other hand, another Reynolds number 
𝑅𝑃is of particle, which depends on the ratio of particle size to channel size. 
 
𝑅𝑃 = Re
𝜋2
𝐻2
=
𝜌𝑓𝑈𝑓𝜋2
µ𝐻
 
(2-4) 
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If 𝑅𝑃<<1, the viscous interaction of fluid and particles dominates the particles’ 
movement in the channel. Under this condition, particles are dominated by the 
viscous drag following fluid streamlines. However, if 𝑅𝑃 increases to or exceeds 1, 
the inertial lift forces will become more apparent than the viscous effect, and the 
phenomenon of lateral migration of particles within cross-sections will be obvious 
[25]. 
 
Figure 2-1 The schematic drawing of inertial immigration and equilibrium position in 
different channels. (a) a straight channel with the circular cross-section; (b) a straight 
channel with the square cross-section, and (c) a straight channel with the rectangular 
cross section (low aspect ratio ≈ 0.5). The illustration of the two-stage particle 
migration procedure reported by Zhou and Papautsky [23]. (d) The critical parameter 
(the lateral migration speed 𝑈𝐿  and minimum travelling distance for particle 
migration 𝐿𝑚𝑚𝑚.) are shown as the drawing. 
2.1.2 Spiral channels 
In a curved channel, not only the inertial lift forces exert on the particles, but the 
secondary flow drag force induced by an asymmetric channel structure as well. 
Compared with a straight channel, the curved channel has following significant 
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advantages in inertial microfluidics applications: i) improve the collection purity 
through the adjustment of particles equilibrium positions; ii) reduce the distance for 
particles’ lateral migration because of the particle lateral velocity acceleration with 
the help from transverse secondary flow ; and iii) separate particles due to the 
difference of various sizes particles’ equilibrium positions [11]. 
Papautsky’s group [26, 27], Go’s group [28], Jiang’s group [29, 30] and Han’s 
group [31, 32] have conducted several particle ordering and separation application 
based on spiral channels. Flow cytometer is a powerful single cell analysis tool for 
biological assays. Bhagat et al. [33] advanced an on-chip flow cytometry system 
without the requirement of sheath flows depended on the combination of Dean flow 
and inertial microfluidics, Figure 2-2(a). The spiral channel design utilised both Dean 
drag force and inertial lift forces. And single stream particle focusing method without 
any requirement of external force field or sheath flow can be obtained. After 
processed under a laser induced fluorescence detection setup, a microfluidic flow 
cytometry system with a high throughput of 2,100 particles per second could be 
established. On the other hand, Kemna et al. [34] reported an integrated microfluidic 
system for cell ordering using  a spiral channel with droplet microfluidic generator. 
In this system, cells could be concentrated in three dimensional forming a single 
particle chain and aligned with a constant longitudinal spacing, which is necessary 
for the downstream cell encapsulation in the droplet, Figure 2-2(b). The single cell 
encapsulation was successfully demonstrated with single cell encapsulation 
efficiency about 80%, which means that this system is potential to be introduced in 
the applications such as cell-based assays and drug screening. 
Particle separation and sorting are widely used in different fields, such as 
industrial, biomedical and diagnostic applications such as the purification of water, 
processing blood sample for assays, and disease diagnosis (POC). And the passive 
method using the spiral microchannel is researched and investigated, taking 
advantages of the characteristics of both secondary flow and inertial lift forces that 
the magnitude of force is closely related to the size of particles. Bhagat et al. [26] 
demonstrated an effective separation of 7.32 μm and 1.9 μm polystyrene particles at 
in a spiral microchannel with five loops. Afterwards, Kuntaegowdanahalli et al. [27] 
extended the separation capability of the spiral channel through Dean-coupled 
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inertial migration. They have demonstrated continuous separation of three various 
size particles of 10, 15 and 20 μm in diameter with a good efficiency of 90% yielding 
a throughput of 1×106 cells/min in a spiral channel, Figure 2-2(c). In addition, 
different-staged cells for cell cycle synchronization  were able to be separated by this 
method, which is useful in the research of biological processes, cellular properties 
and elucidating genetic regulatory mechanisms and events involved in each phase 
prior to cell division. Lee et al. [35] developed a label-free, high-throughput inertial 
microfluidic fractionation platform with a spiral structure, which was demonstrated 
by successfully fractionating asynchronous bone marrow-derived human 
mesenchymal stem cells (hMSCs) into enriched subpopulations of G0/G1 (>85%), S 
and G2/M phases, Figure2-2(d). The proposed platform could provide highly higher 
throughput (~15×106  cells per hour) and cell viability (~95%) than the existing 
microfluidic systems, enabling different applications in the study and manipulation 
of cell proliferation.  
Cancer is a group of diseases that abnormal cell grows with the potential to 
invade or proliferate in other organs of the body. And the metastases from primary 
tumours are the leading causes (~90%) of death for nonhematological cancers [36], 
which many researchers are . Cancer cells will seperate from solid tumours and enter 
the blood and flowing within. In the progression of metastasis within blood, cancer 
cells become the circulating tumour cells (CTCs), which is a great potential to serve 
as important biomarkers for early diagnosis of cancer metastases, as well as cancer 
prognosis and therapy monitoring. Compared with current cancer diagnosis method 
requiring invasive biopsy followed by molecular analysis, CTCs analyses are much 
less invasive and considered as a real-time “liquid biopsy”. However, CTCs are 
extremely rare in the biological sample, always only comprising a few out of one 
billion hematological cells. As a result, the isolation and characterization of CTCs is 
a hard technological challenge. Hou et al. [37] present a separation method using 
spiral channel to isolate CTCs from blood sample with the assistance of a sheath 
flow was present with a recovery rate of this method reaches more than 85%. This 
CTCs isolation platform is working in a label-free and clog-free continuous manner, 
which will apparently reduce the separation costs and destroy of CTCs’ morphology. 
Sun et al. [29, 30] reported a passive double spiral microfluidic device, Figure2-2(e), 
which can separate and enrich tumour cells (MCF-7 and Hela cells) from diluted 
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whole blood sample with a throughput of 3.33×107 cell/min, an enrichment factor of 
19 and a recovery rate of 88.5%. Compared with the single spiral microchannel, the 
double one was demonstrated to have a better focusing performance of small blood 
cells and great separation efficiency. For further enlarge the throughput, 
parallelization technology can be employed. However, it is hard to parallelize spiral 
channel within the horizontal plane due to the nonlinear nature of the spiral channel. 
Then, a multiplexed microfluidic device consisting of three vertical stacked spiral 
channels for ultra-high throughput CTCs capturing and enrichment was reported by 
Warkiani et al. [38] as shown in Figure 2-2(f). It was able to process at high speed, 
around 7.5 ml blood in less than 10 min, and to collect more CTCs from larger blood 
volumes as well, which makes it potential for genomic and transcriptomic 
applications. 
 
Figure 2-2 (a) Schematic drawing of a microfluidic flow cytometry. Particles can be 
three-dimensionally concentrated in a spiral channel in a high-throughput manner 
without sheath flows, afterwards the downstream laser induced fluorescence setup 
can detect or count processed particles.[33] (b) Microfluidic device consists of a 
spiral channel followed by an encapsulation part. The spiral channel offers a three 
dimensional single particle focusing chain and aligned with a constant longitudinal 
spacing, and it is critical for downstream encapsulation of cells into the droplet.[34] 
(c) Continuous triplet-particle separation in a spiral channel by the Dean-coupled 
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inertial migration.[141] (d) Schematic illustration of cell cycle synchronization in a 
spiral channel. Under the influence of inertial lift force and Dean drag force, 
asynchronous cell populations with different sizes will be differential ordering at the 
end of the spiral channel for purification.[27] (e) Double spiral microchannel for 
tumour cell separation and enrichment.[29] (f) A multiplexed microfluidic device 
consisting of three vertical stacked spiral channels for high throughput CTCs 
capturing and enrichment.[17, 38] 
2.1.3 Serpentine channels 
In the spiral channel, the arc curvature of the channel is always directing to a single 
direction, as a result, the secondary flow within channels can form a constantly stable 
status after long enough channel length, and almost consistent within different cross-
sections. The static superposition of inertial lift force field with secondary flow field 
can use to approximately analyse the particle behaviour. This analysis method has 
been successfully introduced in many studies and applications. However, in a 
serpentine channel with different magnitude curvatures, the condition becomes more 
complex. Because of generation of different secondary flows in magnitude and 
direction by alternating curvatures, the status of flow field may not have steady state 
after each turns, the same with the distribution of particles, and accumulation of these 
uncertain facts will cause various behaviours of particles. The superposition method 
analysis of particle behaviour has the possibility to cause large errors or even fault 
prediction. 
Di Carlo et al. [25] have conducted several investigations on the influences of 
alternating curvatures on the particle inertial migration result. It shows that the 
original four equilibrium positions in a straight square channel reduced to two in a 
symmetric serpentine channel due to the symmetric Dean flow. However, when Dean 
number exceeding a critical value, focusing condition was in chaos. Furthermore, in 
an asymmetric serpentine channel, the equilibrium positions could be further reduced 
to one, focusing again was more complex as Dean number increased, Figure 2-3(a). 
According to the theory, the counteraction of inertial lift forces (𝐹𝐿) and Dean drag 
force (𝐹𝐷) decides the focusing positions. Though Dean flow was not the critical 
reason for particle focusing phenomenon, it exerts on the particle together with 
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inertial lift forces so that the number of equilibrium positions reduce. The 
comparison of inertial lift forces (𝐹𝐿) and Dean drag force (𝐹𝐷) will induce different 
particle focusing pattern in the channel. If 𝐹𝐷 >> 𝐹𝐿 , there will be no focusing 
phenomenon, and while 𝐹𝐷 <<𝐹𝐿 , there will be a focusing phenomenon merely 
dominated by inertial lift forces. The ratio of inertial lift force to Dean drag was 
expressed as: 𝐹𝐿/𝐹𝐷~ 
2𝑅
𝐻
(α/H)3𝑅𝑅𝑚, (𝑛<0). This relation indicates that Dean flow 
will become irrelevant for the limit as 𝑅 spreads to infinite, but also demonstrates a 
strong third-power dependence on the ratio of particle to channel dimensions. On the 
other hand, because of dominant 𝐹𝐷 , small particles could be still unfocused 
independent of channel length at the same Reynolds number, while larger particles 
can be focused quickly. A filtration device using an asymmetrical serpentine channel 
was developed and tested based on this mechanism[39], Figure 2-3(b). In this 
serpentine channel, when suspension with various size particles was injected into, 
large particles were able to be concentrated while small particles under the critical 
size were still unfocused and randomly distributed within the channel. As a result, 
large particles were able to be filtrated completely from the particle suspension, 
remaining small particles with a high purity (90%-100%). However, the small 
particles are randomly dispersed at the outlet, some of them will be collected with the 
large particles together, leading to undesirable purity of large particles’ collection. 
Inertial focusing using an asymmetric serpentine channel can provide well-
defined particle focusing and enrichment as well as constant inter-particle spacing, 
which has great potential to be employed  in a many applications, such as the flow 
cytometry [40], particle active ordering [41], and hydrodynamic stretching of cells in 
single level [42]. As the advantages brought by inertial focusing method, 
hydrodynamic focusing method may be replaced by the inertial one integrated in the 
standard commercial flow cytometry, composing a compact microfluidic flow 
cytometry system [40], Figure 2-3(c). 
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Figure 2-3 (a) The schematic drawing of inertial focusing of particles in the 
serpentine microchannel. The original four equilibrium positions in a straight square 
channel reduce to two in a symmetric serpentine channel due to the symmetric Dean 
flow. And the equilibrium positions can be further reduced to one [25]. (b) 
Equilibrium filtration by differential inertial focusing in a serpentine channel with 62 
asymmetric turns, and 5 outlets. Above a critical size cut-off, particles are well 
focused as a single stream, while particles below this cut-off size remain unfocused 
[39]. (c) Schematic of microfluidic flow cytometry system. The combination of 
asymmetrically serpentine microchannel section with a high aspect ratio straight 
section provides three-dimensional single streams focusing [40]. 
2.1.4 Straight channels with pillar arrays or expansion-contraction arrays 
Additionally, the introduction of disturbance obstacles into the straight channel will 
also induce transverse secondary flow, which was first reported to enhance mixing 
effects within microchannel by continuously rotating fluid streams.[17] Afterwards, 
by adding a contraction-expansion array structure on one side of a straight channel, 
Lee et al. [43] successfully demonstrated a single stream particle focusing in three-
dimensional with sheath flows. When fluid trapping in the contraction region, a pair 
of counter-rotating secondary flows is generated by the centrifugal forces, and 
compresses the sample flow with sheath flows in three dimensions, Figure 2-4(a). 
Besides application of particle focusing, the particle separation based on this 
mechanism utilising the contraction-expansion array (CEA) channel were also 
presented by this group. This separation method successfully focused 4 μm and 10 
μm particles [22], and extracted blood plasma from red blood cells [44] and cancer 
cells from whole blood [45], Figure 2-4(b, c). Together with the inertial lift forces, 
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expansion-contraction array (CEA) generates Dean-like flows acting on the 
suspended particles. And the overlap of these effects on particles determines the net 
migration progress of particles, which closely dependents on size in order to separate 
different size particles. Large particles or cells are influenced dominantly by the 
inertial lift forces, directed towards the contraction-expansion side. On the contrary, 
small particles or cells are dominated by Dean drag force, directed towards the 
opposite side. As a result, this realized a size-based particle/cell separation and 
enrichment [45]. This device can process the high-concentrated bio-particle samples 
such as undiluted whole blood (1×109 counts/ml) because of the introduction of a 
sheath flow. However, the utilization of a pair of sheath flow will bring the 
complication both on fabrication and operation of the whole system, as well as dilute 
the sample and potentially cause contamination. 
Besides the contraction-expansion array (CEA) combined on one side of a 
channel, CEA structure was added on both two sides of the channel. Park et al. [46] 
investigated the particle inertial focusing in a straight channel combined with 
symmetrical expansion-contraction array on both sides, Figure 2-4(d). Different from 
the one side CEA channel, this device is working independently without introduction 
of sheath flows. The experiments showed that the concentrated particles can be 
obtained at either central or side regions according to the particle Reynolds number 
𝑅𝑃 . In this channel, particles can be focused at two side regions with 𝑅𝑃  ranging 
from ~0.8 to 2.3 and at the centreline with the 𝑅𝑃 ranging from 3.0 to 3.5. In their 
explanation, the mechanism of the equilibrium position is depending on the 
counteraction of inertial lift force and momentum-change-induced inertial force 
generated at the contraction-expansion region. The lateral displacement of the 
equilibrium position is induced by the trajectory mismatching between particles and 
fluid element at the contraction-expansion region. And the extent of this lateral 
displacement is inconstant, which is accorded to particle size and flow rate. It was 
found that at the Reynolds number range of 63-91, large polymer particles (~15 μm) 
were aligned along the centreline after concentration, while small particle (~7 μm) 
stayed near two sidewalls of channel. Therefore, a size-based separation method of 
particles is available in a multi-orifice channel, and it was recognized as Multiorifice 
Flow Fractionation (MOFF), Figure 2-4(e) [47]. The MOFF is a continuous, sheath-
less and label-free method of particle manipulation method with requirements of 
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minimal power consumption. However, the recovery yield of MOFF is relatively low 
compared with other methods. Although the recovery yield can be improved by 
adjusting some parameters of this system, like the Reynolds number, to enhance 
central focusing, a poor purity inevitably will be caused. So there is a balance 
between recovery yield and purity, it is hard to keep good performance at both 
aspects at the same time. However, Moon et al. [48] successfully separated human 
breast cancer cells (MCF-7) from spiked blood sample, through the combination of 
multi-orifice flow fractionation (MOFF) and dielectrophoresis (DEP) techniques, 
shown as Figure 2-4(f).  This method combined and utilised two kind of separation 
method to have a better performance at both two aspects. On the one hand, the 
MOFF separation has a high-throughput filtration of blood cells, on the other hand, 
as a precise post-process procedure, the serially connected DEP separator enhances 
the efficiency and purity of the separation. It was reported that 99.24% of RBCs and 
94.23% of WBCs were removed, with a 162-fold increase in MCF-7 cells. 
 
Figure 2-4 (a) Schematic of three-dimensional hydrodynamic focusing in a 
contraction-expansion array (CEA) channel which is consisted of a straight channel 
with contraction-expansion arrays patterned on single side [43]. (b) Inertial 
separation method of different size particles using a CEA channel with the assistance 
of sheath flows [22]. (c) Label-free high-throughput separation of cancer cells from 
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whole blood in a CEA microchannel. Large cancer cells are influenced dominantly 
by the inertial lift forces, migrating towards s1, while small cells (red blood cells and 
white blood cells) are dominated by Dean drag force, migrating towards s2 [45]. (d) 
Inertial focusing using a straight channel combined with symmetrical expansion-
contraction array on both sides. [46]. (e) The size-based separation method (MOFF) 
of particles in a multi-orifice channel [47]. (f) The separation of human breast cancer 
cells (MCF-7) from spiked blood sample, through the combination of multi-orifice 
flow fractionation (MOFF) and dielectrophoresis (DEP) techniques [48].  
Additionally, Di Carlo’s group present a generic strategy called microvortex 
manipulation (MVM), which allows parallel precise manipulation of particles. In the 
system of MVM, the particle is controlled by a combination of hydrodynamic, 
buoyant and gravitational forces with no requirements of mechanical or electrical 
parts. The topology patterns on the microchannel surface generate the microvortices 
(helical flows) to concentrate particles at expected positions. As a result, randomly 
distributed particles can be focused to single or multiple streamlines following 
designed surface patterns, shown in Figure 2-5(a) [49]. On the other hand, the same 
group proposed a design consists of a low aspect ratio straight channel combined 
with a series of constrictions in height orthogonally arranged, taking advantages of 
inertial focusing and geometry-induced secondary flows. In this channel A pair of 
local helical secondary flows induced by the steps structure within channel cross-
sections directs the forward inertial distribution particles in a single position as 
shown in Figure 2-5(b). The focusing efficiency of this focusing method reached 
99.7% with a high-throughput about 36000 particles/s [20]. This group also present 
an inertial particle and cell separation method using a microchannel consisting of a 
low aspect ratio straight and a series of symmetrically positioned square 
microstructures, which generates the secondary flows with the cross-sections, Figure 
2-5(c). An overlap of two inertial effects: i) inertial lift force and ii) secondary flows 
induced by microstructures allow for accurate alignments of different-sized 
microparticles and cells at different equilibrium positions withinin the cross-section. 
And they successfully separated particles of two different size, and RBCs and WBCs 
from diluted human blood. And the device had a great possibility to be massively 
paralleled to process 0.25% diluted whole blood with a throughput of 10.8 
mL/min.[50] 
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Figure 2-5 (a) A generic strategy called microvortex manipulation (MVM), which 
allows parallel precise manipulation of particles [49]. (b) A pair of local helical 
secondary flows induced by the steps structure within channel cross-sections directs 
the forward inertial distribution particles in a single position [20]. (c) An inertial 
particle and cell separator using a microchannel consisting of a low aspect ratio 
straight and a series of symmetrically positioned square microstructures, which 
generates the secondary flows with the cross-sections [50]. 
2.2 Electrokinetic phenomena in microfluidics 
The electrokinetic phenomena of particles are referred to the migration of electrically 
charged or neutral particles (or cells) in liquid suspension under the influence of an 
external electric field. The electrokinetic motion of particles is derived from the 
charge separation at the interfaces between two contacting phases. Generally, when 
materials are contacted with an aqueous (polar) solution, most of them will obtain 
surface electric charge. There are mainly three mechanisms of charging, including 
ionization, ion adsorption, and ion dissolution [51]. (1) Different affinities for ions of 
different signs for two phases, including (i) allocation of anions and cations between 
two immiscible phases, (ii) preferential adsorption of certain type ions from an 
electrolyte solution onto a solid surface, and (iii) differential solution of one type ion 
over the other from a crystal lattice; (2) Charged crystal surfaces. When a crystal is 
broken, different surfaces may have different properties with varying surface 
charges; (3) Ionization of surface groups. For example, if a surface has acidic groups 
(e.g., COOH on the surface), the acidic groups’ dissociation (e.g., COO- on the 
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surface and H+ in the aqueous solution) will create a negatively charged surface. If a 
surface contains basic groups (e.g. OH on the surface), the dissociation of the basic 
groups (e.g., release OH- in the aqueous solution, and leave a positive charge on the 
surface) will bring about a surface with positive charges [52]. 
For a charged particle which is suspended freely within a medium under an 
external electric field, the migration of the particle (i.e., electrophoresis) will be 
induced due to the Coulombic force acting on the net surface charge. In addition, 
electrokinetic phenomena include the streaming potential, capillary osmosis, 
electroosmosis, sedimentation potential, and electrophoresis [51]. In most Lab-on-a-
chip micro-devices, the electrokinetic motion of microparticles or cells happens in a 
confined space under an applied external electric field. Therefore, we will focus on 
electroosmosis (EO), electrophoresis (EP) and dielectrophoresis (DEP) [53]. 
2.2.1 Electroosmosis  
Electroosmosis is the motion of the bulk liquid when an external electric field in a 
liquid channel forming electric double layers on its wetted surfaces is applied. When 
a solid surface is immersed in an electrolyte, an electrochemical reaction normally 
happens between the liquid and the surface, which results in a relocation of charges. 
In microfluidic electrokinetic systems, which are made from glass or fused silica, 
silanol groups on the channel surface deprotonate when contacted with an 
electrolyte. And the local pH and the ion concentration influence the extent of 
deprotonation. In polymer-based microfluidic systems, they also obtained a surface 
charge after brought contact with a liquid medium.
 
In these cases, an electric double 
layer (EDL) is formed that is formed by a charged solid surface and a region close to 
the surface where an excess of counter-ions are supplied. These counter-ions are 
believed to relocate in two regions: the Stern and Gouy-Chapman Diffuse Layers 
[54].
 
The immobile counterions are adsorbed to and immediately close to the channel 
wall form the Stern layer, and the Gouy-Chapman Layer consists of the diffuse and 
mobile counter-ion layer which is influenced by the application of an external 
electric field. The shear plane, which splits the Stern and Gouy-Chapman layers in 
the simple model of the EDL, indicates the location of no-slip condition of the fluid 
motion. The electrical potential at the location of the shear plane is called the zeta 
potential, ζ, as shown in the EDL sketch in Figure 2-6. The strength of the electric 
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potential declines sharply away from the wall and for the distance far enough the 
bulk fluid is assumed neutral.  
The Boltzmann distribution can be used to describe the concentration profile in 
the diffuse ion region of the EDL, and it is resulted from the counteraction between 
diffusive fluxes and electromigration [54].
 
The Boltzmann distribution of ions of 
species for the EDL on a flat plate can be expressed as: 
𝑐𝑚(𝑦) = 𝑐∞,𝑚𝑅𝑒𝑒 �−
𝑧𝑖𝑒∅(𝑦)
𝑘𝑘
�     (2-5) 
where φ(y) is the electrical potential, c∞,i is the concentration of ion i in the liquid at a 
maximum distance, zi is the valence number of ion i, and T is the temperature of the 
liquid, respectively. 
 
Figure 2-6 Schematics of simple EDL model.Reproduced from [55] 
For incompressible liquid under a low Reynolds number, in an arbitrarily shaped 
microchannel with uniform cross-section, the expression of the velocity field can be 
expressed as
 
[56]:  
∇𝑒 = 𝜇∇2𝒖 + 𝜌𝜀𝑬     (2-6) 
where E is the applied electric field. 
For the case of thin EDL (in most microfluidic electrokinetic systems, Debye 
length-to-channel-diameter ratios is of order 10
-4 
or even less), the electric potential 
over the most cross-sectional area is zero. Furthermore, for the case of zero pressure 
gradients, it can be further simplified as:  
𝑢 = − 𝜀𝜀𝜀
𝜇
      (2-7) 
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This is the well-known Helmholtz-Smoluchowski equation for electroosmotic 
flow [52]. 
2.2.2 Electrophoresis  
Electrophoresis is the motion (relative to the bulk liquid) of the charged particles 
(colloidal particles or molecules) suspended in a solution under the influence of a 
spatially uniform electric field; Similar to colloidal particles, a surface charge may 
also appear on the surface of cells due to the ionization of surface molecules or ion 
adsorption from the liquid medium. There are a lot of proteins, lipid molecules, 
teichoic acids, and lipopolysaccharides on the cell membranes contain, which exert 
them with characteristic surface charges. Therefore, electrophoresis can happen for 
cells in a free (infinitely large) solution and the strength of mobility is dependent on 
the ionic strength and solution pH [51], as shown in Figure 2-7. 
 
Figure 2-7 Schematic illustration of a spherical particle’s electrophoretic motion 
[51].  
The electromigration can be classified into two regimes, based on the relative 
dimension of the particle (or molecule) to the Debye length of the solution, as shown 
in Figure 2-8. First, we consider characteristic diameter is much smaller than the 
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Debye length (left picture in Figure 2-8), such as the electrophoresis of ionic 
molecules and macromolecules. The counteraction of electrostatic force on the 
molecule and the viscous drag determines the motion of these molecules. Therefore, 
the electrophoretic mobility is dependent on the effective dimension (and molecular 
weight) of molecule and proportional to their net charge number [52, 55]. 
𝑢 = 𝑞𝜀
3𝜋𝜇𝑑
     (2-8) 
where E is the applied field, q is the total charge number of the molecule, and d is the 
equivalent diameter of a spherical sphere of the molecules. For molecules, the effects 
of the shielding layer of counterions encompassing the molecule are negligible on the 
external electric field [55]. 
 
Figure 2-8 Two regions for the electrophoretic behavior of ions and particles. 
Reproduced from [55]. 
Another limiting situation is the electrophoresis motion of relatively large 
particles, which are 100 nm–10 µm diameter polystyrene particles and microscale 
cells or organisms, and their size is much relevant to microfluidic channels. In this 
situation, the electrophoretic velocity is determined by the sum of electrostatic forces 
on the surface charge, electrostatic forces on their charge double layers, and viscous 
drag due to a relative motion of the body as well as the ionic cloud surrounding the 
body. In the situation that the particle diameter-to-Debye length ratio is sufficient 
large, and the ionic cloud close to the surface of microparticle can be estimated using 
EDL approximations for a flat plate. Therefore, the velocity of an electrophoretic 
particle can be simplified as [51]: 
𝑢 = 𝜀𝜀𝜀
𝜇
     (2-9) 
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During recent years, there is a vast of development on miniaturized biomedical 
microdevices in the microfluidic technologies using free-flow electrophoresis (FFE) 
separation techniques. According to the separation principles, they can be 
categorized as four typical modes: 
(i) Free-flow zone electrophoresis (FFZE) uses carrier electrolyte with constant 
pH and electrical conductivity, and biosamples with multi analytes can be separated 
based on the magnitude of the electrophoretic mobility, Figure 2-9(a). 
(ii) In free-flow isoelectric focusing (FFIEF), the used carrier electrolyte is 
constituted of an ampholyte mixture, which is due to the presence of the applied 
voltage and a natural pH, forming a linear pH-gradient perpendicular to the flow 
direction. Sample components migrate along this pH gradient due to the differential 
electrical field until they reach the point where their pI (isoelectric point, which is the 
pH at which a particular molecule carries no net electrical charge in the statistical 
mean) is the same as the local pH value of the buffer, and at that position they 
become neutrally charged and focused, Figure 2-9(b). Unlike the linear separation 
technique FFZE where the SD of the band expands as the sample components flow, 
the standard deviation of a sample fraction band in FFIEF keep constant after 
reaching the equilibrium status. However, low solubility of the analyte at their pI and 
the crystal sediment may distort focusing. 
(iii) In free-flow isotachophoresis (FFITP), a sample with multi-analyte is 
infused between a leading electrolyte (LE) and a terminating electrolyte (TE), and 
the mobility of the sample ions is between the leading ions and the terminating ions. 
After applying an electric field for a certain period, distinct solute zones are formed 
depending on their electrophoretic mobilities, Figure 2-9(c). 
(iv) In free-flow field step electrophoresis (FFFSE), a buffer with less 
conductivity is introduced at the center of the separation chamber while the more 
conductive buffer is located close to the boundary of the channel. A step gradient of 
the electric field is formed with a high field strength in the central area. Therefore, 
the target analytes migrate relatively faster than others in the central area. The sorted 
analytes are concentrated at the boundary zone because that the electric field strength 
and electrophoretic velocity are drastically reduced [57], Figure 2-9(d). 
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Figure 2-9 Four typical free-flow electrophoresis (FFE): (a) free-flow zone 
electrophoresis (FFZE); (b) free-flow isoelectric focusing (FFIEF); (c) free-flow 
isotachophoresis (FFITP); and (d) free-flow field step electrophoresis (FFFSE) [57]. 
2.2.3 Dielectrophoreiss 
Dielectrophoresis (DEP) is a phenomenon that neutral particles in a non-uniform 
electrical field will be polarized, and an induced electrical force will exert on the 
particles, directing them toward or against the electric field maxima. Its direction 
depends on the dielectric properties of the particle and the suspending medium. 
These properties can be utilized to manipulate and separate different particles, such 
as cells, bacteria, white blood cells, and CTCs, etc. A dielectric generally contains 
polar material with random dipole directions. When an external electric field is 
applied, both particles and fluidic medium will be polarized by orienting the dipole 
moments of the polar molecules in one direction. As a result, surface charges 
accumulate at the interface between particles and fluid. In a uniform electric field, 
Figure 2-10(a), the Coulomb forces are generated on both sides of a particle which 
are equal in magnitude and opposite in direction, resulting in zero net force on the 
particle. However, when the electric field is non-uniform, Figure 2-10(b), the 
Coulomb forces on either side of the particle will be different, and the net force 
results in particle’s motion. Since the direction of the force is determined by the 
spatial variation of the field, the particle always moves toward/against the direction 
of the electric field maxima. 
 
36 
 
 
Figure 2-10 (a) A neutral particle experiences zero net force when exposed in a 
uniform electric field. (b) A particle experiences the non-zero DEP force when 
exposed to a non-uniform electric field [58]. 
The net DEP force exerted on the particles can be expressed as [59]:  𝐹𝐷𝜀𝑃 =
2𝜋𝜀𝑚𝑅3𝐶𝐶(∇E�⃗ 2) ; 𝐶𝐶(𝜔) =
𝜀𝑝∗ −𝜀𝑚∗
𝜀𝑝∗ +2𝜀𝑚∗
 ; 𝜀∗ = 𝜀 + 𝜎
𝑗𝑗
. where 𝜀𝑚  is the absolute 
permittivity of the surrounding medium, 𝜀𝑚∗  and 𝜀𝑝∗ are the complex permittivity of 
the particle and the medium, 𝜀  and 𝜎  is real permittivity and conductivity of the 
subject, 𝑗 = √−1, and 𝜔 is the radial frequency of AC, R is the particle radius, CM is 
the Clausius-Mossotti factor related to the effective polarizability of the particle,  𝐸�⃗  
is the electric field,  ∇ represents the gradient operator. 
A number of DEP microfluidic devices have been developed for separating and 
sorting bio-particles. According to the format of the electrode and the applied electric 
field, the DEP can be sorted as (1) electrode-based DEP (eDEP), (2) electrode-
less/insulator-based DEP (iDEP) and (3) contactless DEP (cDEP). In the traditional 
electrode-based DEP, the non-uniform electric field is generated by the underlying 
micro-electrodes. Their shape and configuration determine the electric field 
distribution and then the trapping and separating area of microparticles, as shown in 
Figure 2-11. The electrode-based DEP technology is the standard method because of 
the well-established microelectronic fabrication techniques. However, metal 
electrodes which are immersed directly in the medium will always cause problems 
with joule heating, bubble formulation and electrode fouling due to electrochemical 
reactions. And it will contaminate the sample and affect the viability of target cells or 
bacteria, then limit its application in biology [60]. 
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Figure 2-11 Electrode shape and configuration determine electric field distribution 
and trapping area of particles: (a) Parallel finger paired electrodes, (b) Single paired 
micro tips electrode, (c) Cross-electrode paired micro tips and (d) Polynomial 
electrodes. Electrode polarity is indicated by “+” and “−” signs [58]. 
In order to overcome these drawbacks, insulator-based/electrode-less DEP has 
been introduced, where the non-uniform field is created by the disturbance of 
insulator embedded in the electric field. As far as reported, the electric format in the 
insulator DEP is often DC, so it is also called DC-iDEP. In the DC-iDEP, the 
electrical frequency is zero, Clausius-Mossotti factor, CM, is reduced to the 
following formulation: CM= 𝜎𝑝−𝜎𝑚
𝜎𝑝+2𝜎𝑚
 . Compared to electrode-based DEP, insulator-
based DEP devices are easy to fabricate because no metal deposition is needed. 
Instead, the electric fields can be applied by placing metal wires in the inlet/outlet 
reservoirs. Also, no surface fouling of electrodes happen due to electrochemical 
effects [61] (Actually there is still little fouling at the inlet/outlet reservoirs where 
metal wires is placed to supply a direct voltage, but it will hardly contaminate the 
sample in the manipulation area). A number of DC-iDEP microfluidic devices have 
been designed to separate and sort different micro-particles, and can be roughly 
categorised into two groups: one is utilizing insulator hurdles in the flow field to 
generate non-uniform electrical field, Figure 2-12(a~d); another relies on the 
curvature of the channel to induce non-uniform electrical field to sort particles, 
Figure 2-12(e~f). Insulator-based DEP has addressed most shortcomings of 
electrode-based DEP: fouling, contamination, bubble formation near integrated 
electrodes, low throughput, and an expensive and complicated fabrication process. 
Unfortunately, one of the primary drawbacks of insulator-based DEP system is that a 
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high electric field is needed to induce sufficient DEP forces to trap and separate 
particles inside the micro-channel. This relatively high electrical current in the 
insulator-based DEP introduces servere joule heating and a dramatic temperature 
increase. An ideal technique which needs simple fabrication methods but also can 
avoid fouling, contamination and Joule heating is more desirable. 
 
Figure 2-12 Particle separation in insulator-based DEP using (a) a rectangular hurdle 
[62, 63], (b) a triangular hurdle [63], (c) a circular oil droplet [64], (d) micro-pillar 
array [65], (e) a curved channel [66, 67] and (f) a serpentine channel [68]. 
Shafiee et al. [69] developed a new method to provide non-uniform electric field 
required for DEP and the biological sample are not directly contacted with the  
electrodes, but isolated by thin insulating barriers. The absence of contact between 
electrodes and sample solution in the microfluidic device can prevent fouling, bubble 
formulation, and contamination of the biological sample. The insulating barriers 
works as a capacitive behavior and therefore applying an AC electric field across 
then, an electric field can be formed in the main channel. In addition, insulating 
structures inside and outside the micro-channel can provide non-uniformity of the 
electric field just like in insulator-based DEP [69-71]. The theory of contactless DEP 
is same as electrode-based and insulator-based DEP, so its DEP force can also be 
calculated by the same equation as others. PDMS thin membrane has been reported 
in this kind of DEP acting as a capacitor since it can be fabricated together with the 
microfluidic chip by the soft-lithography method simultaneously. An example of two 
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reported structures in the contactless DEP microfluidic devices [72-74] which are 
applied to separate and sort particles have been shown in Figure 2-13. 
 
Figure 2-13 Non-uniform electric field in contactless DEP is induced (a) by the 
structure of the PDMS membrane outside micro-channel [72], (b) by both the 
structures of PDMS membrane outside micro-channel and insulator pillars inside 
micro-channel [74]. 
Microfluidics focuses on building a microfluidic channel system to achieve a 
variety of complex microfluidic manipulation functions. The precise and versatile 
manipulation and control of fluids and particles at micron and submicron dimensions 
can be achieved by microfluidic technology. Since the sample volumes can be 
reduced significantly and can quickly and sensitively realize reaction, separation and 
detection within lower time and cost, microfluidics can be potentially used in a 
variety range of biological applications [12], such as drug screening and delivery, 
single cell or molecule analysis, point of care diagnostics, chemical reaction control, 
and detection, and so on.  
2.3 Microfabrication techniques 
Microfabrication methods are very important to many advanced science and 
technology. Lately, the microfluidic system with embedded integrated physical 
microstructure in micro or nano scale attracted lots of attention. Various 
microfabrication methods have been involved, which is very important for the 
development of microfluidics. Followings are some common fabrication techniques. 
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2.3.1  Soft Lithography 
Soft lithography technology is one precision processing microfabrication method for 
an integrated microfluidic system. Soft lithography is based on printing and molding 
of the elastic model using the pattern of interest in bas-relief. Soft lithography is very 
simple, but it can provide many powerful routes to the manufacture of micro/nano 
structures on a surface or in a microchannel. Soft lithography has many advantages 
in biotechnological applications using manufactured microstructure [75, 76].  
Soft lithography provides a low expertise route for micro/nano machining. It is 
widely used in manufacturing simple microchannels and micro patterns on the 
surface or in microfluidic channels [77]. To form an integrated microfluidic system, 
a micro/nanostructured layer is bonded to a microchannel layer [78]. Due to its 
favorable mechanical properties, PDMS is widely used to fabricate the microfluidic 
channels in the laboratory [79]. For the channel layer, PDMS is simple to 
manufactory by rapid prototyping. Many kinds of micro/nano machining technology 
can be used to make integrated microfluidic system. Soft lithographic provides many 
features better than lithography. Especially soft lithography technology provides the 
control of surface molecular structure and the mode of complex molecular biology 
related, suitable for microfluidic channels structure, pattern and manipulation of 
cells. 
Many kinds of micro/nanofabrication technology can be used to make 
integrated microfluidic systems. Two kinds of soft lithographic methods (contact 
printing and capillary molding) to make micro/nanopatterns onto a surface or within 
a microfluidic channel are introduced in [77]. The difference between contact 
printing and capillary molding is shown as below. 
Table 1 Capillary molding for the fabrication of micro/nanopatterns [77]. 
 Contact printing  Capillary molding  
 
Mold  
Soft mold 
Poly (dimethylsiloxane) (PDMS) 
Poly (dimethysiloxane) (PDMS) 
Rigiflexible mold (PUA)  
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 Hard PDMS (h-PDMS)  
Application 
1. Channel fabrication 
2. Direct printing of biological 
molecules (1D chemical 
modification)  
1. Channel fabrication 
2. Fabrication of 
micro/nanostructures (2D 
structure)  
Process 
 
  
 
Soft lithography has been proven useful in microfluidics for a wide range of 
applications, from channel fabrication to pattern generation. In particular, the 
fabrication of precise micro/nanostructures on a surface or within a fluidic channel 
can not only offer simple routes toward cell docking and manipulation, but can also 
serve as a template for protein or lipid bilayer arrays [80]. In addition, the adhesion 
control using micro/nano-structure in microfluidic devices can be used as a label-free 
method for the cell separation and some other applications [81]. It is envisioned that 
along with other advanced fabrication methods, soft lithography will continuously 
find application in integrated microfluidic systems due to its simple, cheap, and low-
expertise route toward micro/nanofabrication. 
2.3.2 Hot embossing  
Hot embossing was used for a few optical applications where high precision and high 
quality are important [82]. Hot embossing can be used to fabricate high-quality 
plastic structures for microfluidic devices. The Figure 2-14 shows the steps of hot 
embossing. 
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Figure 2-14 Principal process steps of hot embossing: (a) insert a thermoplastic film, 
(b) evacuate the molding tool, (c) cooled down and demolded [83]. 
Hot embossing has the potential of increasing production rates and therefore 
decreasing production costs by the enlargement of the molding surface and 
automatization of the molding process [82]. The Hot embossing technique has many 
advantages, such as low material flow, avoiding internal stress and low flow rates, 
which made it an ideal molding method for microstructures. 
2.3.3 Micro molding 
Micro molding technique is one of the most popular manufacturing techniques for 
fabricating microfluidic devices, Figure 2-15. Injection molding is normally used in 
the industrial mass production of plastic components. As a cheap alternative to the 
glass-based micro-electromechanical (MEMS) system technology, fabrication of 
polymer is becoming more and more important. Nowadays, in the field of life 
science, MEMS techniques begin to be used in the biological field [84]. MEMS 
products use silicon usually have good surface quality but often expensive and 
unsuitable for cheap and mass production [83]. Therefore, many microfabrication 
techniques, such as microinjection molding, micro hot embossing, and casting, to 
fabricate polymer-based materials have been used in applications with bio micro-
electromechanical systems. Polymer has many advantages in the field of MEMS, it 
provides a wide range of physical and chemical properties, besides, polymer-based 
materials are easy for mass production [83]. 
 
43 
 
 
Figure 2-15 Microfeature part molding fabrication steps: (a) spin coating; (b) soft 
bake; (c) exposure; (d) post-exposure; (e) development; (f) resist structure; (g) 
electroforming; (h) mold insert (stamp); (i) micromolding; (j) part with 
microstructure [84]. 
In the past decades, a lot of research has been done in order to investigate the 
injection molding process for microfluidic devices. A new microinjection molding 
method has been reported by Zhao et al. [85], the technology parameters of the 
metering size and pressure time is the most important part of the quality. Recently, a 
study found that the biggest factor that influences the molding accuracy is mold 
temperature and packing pressure [86]. The injection molding process is a preferred 
method because it’s much faster than hot embossing, from the point of view of cost 
and mass production. However, microinjection molding also has some limitations, 
such as resolution and the selection of materials. 
2.3.4 Other Methods 
In a new method of in situ construction using photodefinable polymer microfluidic 
device was introduced [87]. The method is called microfluidic tectonics. The 
advantage of this method is that it is working very fast, and typically only takes 
several minutes to produce a microstructure. Besides, it does not require technical 
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skills, clean room facilities, and costly equipment. Another way to form microfluidic 
devices is laser ablation. It is an easy way to build multi-layer channel networks. The 
restrictions for laser ablation e.g. throughput because of the “writing” nature in the 
process of cutting [88]. 
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3 THEORY 
3.1 Governing equations of fluid dynamics in microfluidics 
For aqueous solution flows in a microfluidic device, the fluids are generally 
incompressible and mostly Newtonian fluid (viscosity remains constant regardless of 
shear stress and loading history). The Navier-Stokes (N-S) equations for the laminar, 
incompressible, Newtonian fluid without body force can be expressed as [89]: 
𝜌 𝜕𝑢�⃗ 𝑓
𝜕𝜕
= −𝜌𝑢�⃗ 𝑓 ∙ ∇𝑢�⃗ 𝑓 − ∇𝑃 + 𝜇∇2𝑢�⃗ 𝑓   (3-1) 
(Rate of change of momentum) = (convective force) + (pressure force) + (viscous 
force) where P, ρ and μ are pressure, density and viscosity of fluid. 𝑢�⃗ 𝑓 is the fluid 
velocity vector, expressed as (𝑢𝚤, 𝑣𝚥,𝑤𝑘�⃗ ) in a Cartesian coordinate system. 𝚤, 𝚥,𝑘�⃗  are 
unit vectors of a 3-D Cartesian coordinate system. ∇ is the Nabla operator, =𝚤 ∂
∂x
+
𝚥 ∂
∂y
+ 𝑘�⃗ ∂
∂z
. ∇2 is the Laplace operator, = ∂
2
∂x2
+ ∂
2
∂y2
+ ∂
2
∂z2
. 
When a flow reaches its steady state, the components with variables time t in N-
S equations can be eliminated: 
𝜌𝑢�⃗ 𝑓 ∙ ∇𝑢�⃗ 𝑓 = −∇𝑃 + 𝜇∇2𝑢�⃗ 𝑓   (3-2) 
In conventional microfluidic system, the flow inertia is negligible with slow 
flow speed and extremely tiny channel, because the dimensionless Reynolds number 
(𝑅𝑒 =  𝜌𝑓𝑈𝑓𝐻 𝜇⁄ , where H = 2wh/(w+h) for a rectangular tiny channel, w and h are 
the width and height of the channel cross section respectively) in a flow is far less 
than 1 (the ratio between inertial and viscous forces). Then it can be simplified as 
stokes flow (or creeping flow) by neglecting inertial component 
∇𝑃 = 𝜇∇2𝑢�⃗ 𝑓    (3-3) 
In addition, the continuity equation is: 
∇ ∙ 𝑢�⃗ 𝑓 = 0    (3-4) 
In practice, the additional boundary conditions (i.e. inflow, outflow, and wall) 
need to be specified to solve a particular problem.  
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By the theorem of mirror-symmetry time-reversal, Bretherton [90] and Saffman 
[91] pointed out that there is no lateral force on a single rigid sphere suspended in a 
fluid on the basis of stokes flow in a unidirectional flow, independent of the velocity 
profile and relative size of the particle to channel.  
3.2 Viscous drag force 
The drag force appears when fluid flows past an object or an object moves through a 
fluid. The drag force spontaneously displaces the elements of the fluid out of the way 
of the moving object. The drag force on a spherical particle can be expressed as: 
𝐹𝑑𝑑𝑑𝑑 = 𝑆𝑓𝑑 = 𝜋𝜋2𝑓𝑑 4⁄                        (3-5) 
where S is the cross-sectional area of moving particles, a is the diameter of the 
spherical particle. 𝑓𝑑 is viscous drag coefficient which is determined by the defined 
particle Reynolds number, 𝑅𝑅′=𝑣𝑡𝜌𝑓𝜋/μ, where 𝑣𝑡 is relative velocity of fluid to 
particle [92]. 
The viscous drag coefficient 𝑓𝑑 is different in different range of particle 
Reynolds number (a) When 10-4<𝑅𝑅′<0.2, (b)When 0.2<𝑅𝑅′<500~100, (c) When 
500~1000<𝑅𝑅′<2×105, (d)When 𝑅𝑅′>2×105 [92]. 
(a) When 10-4<𝑅𝑅′<0.2 
𝑓𝑑 = 12
𝜇𝑣𝑡
𝑑
                          (3-6a) 
Then 
𝐹𝑑𝑑𝑑𝑑 = 3𝜋𝜇𝜋𝑣𝜕                      (3-6b) 
When relative velocity of the fluid to particle 𝑣𝑡 is very small, this formula can 
be widely used for analytical analysis to simplify the expressions (when the 𝑣𝑡 is 
large, Fdrag has to be expressed by following formula).  
(b) When 0.2< 𝑅𝑅′ <100~500 
𝑓𝑑 = 12
𝜇𝑣𝑡
𝑑
(1 + 0.15Re′0.687)                (3-7a) 
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Then 
𝐹𝑑𝑑𝑑𝑑 = 3𝜋𝜇𝜋𝑣𝜕(1 + 0.15𝑅𝑅′0.687)              (3-7b) 
(c) When 500~1000< 𝑅𝑅′ <2×105 
𝑓𝑑 = 0.22𝜌𝑓𝑣𝜕2                        (3-8a) 
Then 
𝐹𝑑𝑑𝑑𝑑 = 0.055𝜋𝜋2𝜌𝑓𝑣𝜕2                    (3-8b) 
(d) When 𝑅𝑅′>2×105 
𝑓𝑑 = 0.05𝜌𝑓𝑣𝜕2                       (3-9a) 
Then 
𝐹𝑑𝑑𝑑𝑑 = 0.0125𝜋𝜋2𝜌𝑓𝑣𝜕2                  (3-9b) 
Subsequently, Khan and Richardson suggested an equation which can meet well 
for values of 𝑅𝑅′ up to 105 [92]: 
𝑓𝑑 = (1.84𝑅𝑅′
−0.31 + 0.293𝑅𝑅′0.06)𝜌𝑓𝑣𝜕2              (3-10a) 
Then 
𝐹𝑑𝑑𝑑𝑑 =
𝜋
4
𝜋2𝜌𝑓𝑣𝜕2(1.84𝑅𝑅′
−0.31 + 0.293𝑅𝑅′0.06)3.45        (3-10b) 
In the above equations, a represents the particle diameter, µ defines dynamic 
viscosity of fluid, 𝜌𝑓 is the density of the fluid. 
3.3 Inertial lift force 
About 50 years ago, researchers observed that randomly dispersed particles at the 
entrance can form several cross-sectional equilibrium positions after a certain 
distance [14, 15], which is called inertial migration (Figure 3-1). After that, 
experimental studies in different channels and theoretical analyses were carried out 
regarding to the inertial migration. However, until recently, inertial migration was 
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applied in practical application with the development of microfluidic technology 
[11]. 
In microfluidics, the size of particles is comparable to the characteristic dimension of 
the microchannel. Inertial microfluidics is then termed as the technique which 
utilizes particles’ inertial migration and other inertial effects, to manipulate fluids or 
bioparticles [11]. The group of Di Carlo has done much fundamental study on the 
mechanism of inertial migration and intensive exploitation of this technique on the 
cellular sample preparation, cancer diagnosis, and material synthesis etc. [11, 16].  
The net inertial lift force acting a small rigid sphere (𝜋/𝐻≪1) was derived by 
Asmolov [93] according to matched asymptotic expansions: 
𝐹𝐿 = 𝑓𝐿𝜌𝑓𝛾2𝜋4                         (3-11a) 
𝐹𝐿 = 𝑓𝐿𝜌𝑓Uf2𝜋4 H2⁄                          (3-11b) 
where 𝑈𝑓 is the average flow velocity of fluid; H is the hydraulic diameter, which is 
the characteristic dimension of a channel (the diameter for circular cross-section or 
𝐻=2𝑤ℎ⁄(𝑤+ℎ), for a rectangular channel, w and h correspond to width and height of 
the rectangular cross-section). 𝑓𝐿 is the lift coefficient (Figure 3-1(b)) which is 
function of particle position and Reynolds number [24, 93]. The positions where 
𝑓𝐿=0, represent the inertial equilibrium positions. However, particles will not be 
stable at channel centerline 𝑒=0, and particles will not return once deflect from the 
channel centreline. Moreover, 𝑓𝐿 decreases with increasing Re (or 𝑈𝑓), which means 
that inertial lift force scales less strongly than 𝑈𝑓2 [11]. Recently, based on the 
experiments, the lift coefficient was derived by Zhou and Papautsky [23]: fL ∝
H2
a2√Re
. 
In most microfluidics experiments, Re is smaller than 100, and lift coefficient can be 
considered approximately as a constant, 𝑓𝐿=0.5 [94].  
Disturbance will occur in the channel due to the flow caused by particles with 
(0.05≤𝜋/𝐻≤0.2). Recently, by taking the finite-size effects of suspended particles into 
account, the inertial lift forces was calculated by Di Carlo et al. [95] using finite 
element simulation. The net force was scaled near the channel centre and channel 
wall respectively. The effects of wall lift force is very weak near the channel centre: 
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FL ∝
Uf2a4ρf
H2
.; while wall effects dominate that of shear gradient near the channel 
wall: FL ∝
Uf2a6ρf
H4
.  
 
Figure 3-1 (a) Inertial equilibrium positions in a Poiseuille flow. (b) The net lift 
coefficient [16]. The shear gradient lift force 𝐹𝐿𝐿, which originated from the fluid 
velocity profile’s curvature and the interaction between the particle and itself. And 
this inertial effect pushes particles away from the channel centre. ii) The wall lift 
force 𝐹𝐿𝐿, due to the flow field interaction between the particle suspension and the 
neighbour walls, and this inertial effect drives particles off from the channel’s wall. 
The equilibrium positions are formed where these two inertial lift forces arrive a 
balance.  
3.4 Saffman lift force 
Using matched asymptotic expansion method, Saffman [91] calculated the lateral lift 
force on a sphere in an unbounded simple shear flow, which has constant shear rate 
and zero shear gradients. The force was recognized arising from the interaction of the 
velocity field around the particle with the velocity gradient (shear rate). The 
magnitude of this force is 
𝐹𝐿 =
𝐾
4
𝑉𝜋2(𝛾𝑣−1)1/2                         (3-12) 
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where K is a numerical constant (K~81.2), velocity gradient or shear rate is defined 
by γ, kinetic viscosity is defined by υ, V is the relative velocity (velocity difference 
between fluid velocity at the streamline position of the particle center and the 
particle). This force is independent of particle rotation and dependent on shear rate 
only. In real situations, the shear will induce particle rotation in the unbounded fluid. 
Therefore, a Magnus-type force may appear on the sphere. However, the 
independence of the effects of rotation and shear and simple superposition of the two 
lift forces is not precise enough in most practical flows [96]. It has shown that when 
the Reynolds number is small, and the rotation speed is much greater than the shear 
rate, the magnitude of Saffman force 𝐹𝐿  induced by interaction of slip velocity 
(Stokeslet flow field) and shear for a freely rotating particle Ω = 1
2
γ is at least one 
order larger than Magnus force and particle rotation [97]. 
The Saffman force directs towards the maximum magnitude of relative velocity 
V. Neutrally buoyant particles are force-free in a Poiseuille flow, and the net 
Stokeslet  and Saffman force acted on particles are zero. This is because the Stokeslet 
originated from the curvature of the fluid particle is balanced by the opposite 
Stokeslet induced by the lag of the particle relative to the fluid [97]. However, 
instead of neutrally buoyant particles flowing in a Poiseuille fluid, when non-
neutrally buoyant particles flows in a vertical fluid, or in external force fields 
(electrical or magnetic) [98, 99], additional forces will induce particles to 
significantly lag or lead fluid flow. In this case, the Saffman force is more relevant 
and net Stokeslet flow is more obvious. Therefore, the Saffman force will direct to 
the channel centreline when particles lag the flow and particles migrate to channel 
centreline; or the Saffman force will direct to the channel walls when particles lead 
the flow, and particles migrate to channel walls. 
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Figure 3-2 Lateral force on a sphere in a simple shear flow. V is the relative velocity 
of the particle to the fluid. (a) V > 0 indicates that particle moves faster than the 
fluid, leading the flow. (b) V < 0 means that particle moves slower than the fluid, 
lagging the flow. The Saffman force directs towards the maximum magnitude of 
relative velocity V. [16]. 
3.5 Electrophoresis 
In a spatially uniform electric field, dispersed particles will move in the fluid in this 
electric field, and this motion is called electrophoresis [100-102]. According to the 
famous Helmholtz–Smoluchowski result, the electrophoretic velocity ?⃗?𝜀𝑃  (with 
respect to the fluid) is given as follows when Debye lengths are much smaller than 
particle size [103]:  
?⃗?𝜀𝑃 =
𝜀𝜀
𝑣
𝐸�⃗                                        (3-13) 
?⃗?𝜀𝑃 is independent of particle size and shape. The permittivity of the fluid is defined 
by  𝜀. v is kinematic viscosity, and 𝜁 is the 𝜁 –potential [103, 104] of the electric 
double layer surrounding the particle. The electrophoretic mobility is defined by 
𝑢𝜀𝑃 =
𝜀𝜀
𝑣
, which is the proportionality factor between particle velocity and electric 
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field  𝐸���⃗ . The electric field induces the electrophoretic motion, however, 𝑢𝜀𝑃  is 
dependent on the particle charge (hidden in the 𝜁- potential [103]), and the properties 
of the electric double layer around the particle and the electrolyte. 
For the time-dependent electric field, the electrophoretic motion is dependent on 
first order of the time-averaged electrophoretic velocity. This is because the 
electrophoretic motion contains an oscillating back-and-forth component, and this 
component does not induce particle displacement.  
?⃗?𝜀𝑃 =
𝜀𝜀
𝑣
𝐸�⃗ 𝐷𝐷                                (3-14) 
DC component of the electric field controls the net electrophoretic particle 
motion when studying electrokinetic effects in microfluidic devices. 
3.6 Dielectrophoresis 
Polarizable particle with effective polarizability 𝛼  behave differently in different 
charge dispersion processes when they were placed in a uniform electric field (Figure 
3-3(a)), A well-known electric double layer (EDL) would be formed when it is 
surrounded by a diffuse layer that the number of mobile ions of an opposite charge is 
outweigh of the like charge. The Coulomb force (or electrophoretic force) induce the 
charged particle moves towards the electrodes of opposite electrical polarity. In a 
non-uniform electric field, a net force (known as a dielectrophoretic force) will 
exerted on the particle (figure 3-3(b)). This is because the Coulomb forces on either 
sides of the dipole moment can be different. A DEP motion is that particle move 
towards or against the region of electric field maxima. The motion is directed by 
DEP force, which depends on the relative polarizabilities of the particle and the 
suspending medium [105]. 
The effective dipole moment of a spherical particle is [106, 107]: 
𝑃 = 4𝜋𝜀𝑚𝑟3𝑅𝑅[𝐾(𝜔)]𝐸                      (3-15) 
where 𝑃 is a vector, the absolute permittivity of the suspending medium is defined by 
𝜀𝑚. 𝑟,   𝑅𝑅[𝐾(𝜔)], indicates the particle radius, the real part of Clausius–Mossotti 
(CM) factor, respectively. The Clausius–Mossotti (CM) factor depends on the 
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complex permittivity of the particle and the suspending medium, and the frequency 
of the external electric field as well: 
𝐾(𝜔) = εp
∗ (ω)−εm∗ (ω)
εp∗ (ω)+2εm∗ (ω)
                        (3-16) 
where σ is the electrical conductivity; complex permittivity is defined by ε∗(ω) =
ε − iσ ω⁄ , ω is the frequency of the electric field. The particle and suspending 
medium were described by subscripts p and m. In the presence of an electric field, 
the particles and suspending medium both exhibit dielectric and conductive 
properties, so the complex permittivities are presented here. 
In a non-uniform electric field, the time-averaged dielectrophoretic force can be 
written as [106, 107]: 
𝐹𝐷𝜀𝑃 = 𝑒𝑝𝐸 = 2𝜋𝜀𝑚𝑟3𝑅𝑅[𝐾(𝜔)]𝑝𝐸2                  (3-17) 
When the frequency is zero, it’s called a DC field. The CM factor can be 
simplified when the particles are in a DC electric field. The CM factor is related to 
the electrical conductivities of the particle and the medium, and can be simplified as 
follows [108, 109]: 
𝐾(𝜔) = σp−σm
σp+2σm
,     for ω → 0                  (3-18) 
Moreover, because of the Coulomb force, the net mobile charge on the electrical 
double layer (EDL) generated near the solid–liquid interface is moved. Then, a 
electro-osmotic flow (EOF) will be generated. However, particle migration, known 
as EP, occurs when the Coulomb force acting on the net surface charge of particle 
suspended freely in solution. DEP depends on their dielectric properties, instead of 
depending on the net electrical charge of particles in EP occasions, and this DEP 
force enables it to manipulate bioparticles without charges [105].  
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Figure 3-3 The principles of DEP. (a) Charged and neutral particles behaviour in a 
uniform electric field. (b) Neutral particles behaviour in a non-uniform electric field. 
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4 EXPERIMENTAL SETUP 
4.1 Fabrication and design 
4.1.1 Chip design 
The Microfluidic device was designed with one long straight microchannel with 
semicircular obstacle arrays, one inlet, one outlet and two electrodes chambers using 
AutoCAD. The channel consists of a 10 mm straight section with 20 periods of 
symmetric semicircle obstacles patterned on both sides of a microchannel with a 
constant distance of 500 μm, as shown in Figure 4-1. The depth of the channel is 
uniform at 40μm. The width of the straight microchannel changes is 250 μm, and the 
dimeter of the semicircular obstacle is 200 μm. The distance of two electrodes 
chambers is 13 mm. The master mold was fabricated on a silicon wafer by the 
standard photolithography, and PDMS channel was made by soft lithography 
techniques. 
 
Figure 4-1 The illustration of the dimension of the straight microchannel with 
symmetric semicircle obstacles. 
4.1.2 Fabrication of master 
The silicon master was fabricated by a standard photolithography technique. To 
create the photomasks for the specified geometry, drawing was made using 
AutoCAD®software were printed on a photomask sheet and were marked 
transparent (CAD/ArtServices, Bandon, OR). After glass slides were thoroughly 
cleaned, Photoresist (SU-8 25,MicroChem Corp, Newton, MA) was uniformly 
dispersed to a specific thickness of 40 μm using a programmed spin-coater (WS-
400E-NPP-Lite, Laurell Technologies, NorthWales, PA) which raised to a final 
speed of 4000 rpm for 40 seconds. Once the spin coating was complete, each slide 
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was baked in a two-step process from 65°C for 3 minutes to 95°C for 7 minutes on 
two hotplates (HP30A, Torrey Pines Scientific, San Marcos, CA). The overall 
process was shown in Figure 4-2. 
 
Figure 4-2 MicroChem suggested process flow chart. 
Then, with the photomask negative applied on the top of the coated photoresist, 
the slide was exposed to a UV light source (ABM Inc., San Jose, CA) to create the 
channel imprint. 
The intensity and exposure time used were specific to the designated channel 
thickness. Directly following the UV treatment; the photoresist was again baked for 1 
minute at 65°Cand finally for 3 minutes at 95°C. The slides were then developed in 
an SU-8 developing solution for 5 minutes and rinsed with isopropyl alcohol to 
reveal the finished microchannel mold. 
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4.1.3 PDMS replication 
PDMS mixture with a 10:1 ratio of base to the agent (Dow Corning, Midland, MI) 
was poured over the silicon master, bubbles were removed by placing the PDMS 
mixture in a vacuum chamber for approximately 20 minutes or until no bubbles were 
present in the mixture. The PDMS was then baked at 90°C in an oven for two hours. 
After baked and naturally cooled, the PDMS slide was cut and peeled off the silicon 
master, shown in Figure 4-3. And inlet and outlet, electrodes chamber holes were 
punched by a custom syringe needle punch with a diameter around 1.65 mm. 
 
Figure 4-3 Schematic illustration of the procedure for fabricating PDMS stamps from 
a master with relief structures on its surface [76]. 
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4.1.4  Bonding 
Before bonding, inlet, outlet and electrodes chamber holes were punched by a 
custom syringe needle to serve as reservoirs. After carefully check the punched holes 
and microchannel to ensure that no dust remained on the surface, the channel side 
and a cleaned glass slide were both exposed to oxygen plasma (PDC-002, Harrick 
Plasma, Ossining, NY) for 3 minutes. Once treated, the clean slide and the channel 
are immediately contacted and heated on a hot plate for 60 seconds at 90°C to ensure 
a strong and permanent bonding.  
 
Figure 4-4 Plasma cleaner and hot plate. 
4.1.5 Sealing and leakage testing 
After the PDMS microfluidic devices were cooled sufficiently, deionized (DI) water 
with 0.1% w/v polysorbates 20 (SIGMA-ALDRICH Product No. P9416) was 
introduced through the reservoirs via capillary action to preserve the hydrophilic 
properties of the channel walls. Besides the inlet and outlet, the two electrodes 
chambers were punched as well beside inlet and outlet respectively. The distance of 
the two chambers is fixed at 13mm. Therefore, the electric field strength can be 
controlled precisely. Syringe needles sealed with platinum wires were then inserted 
into electrodes chamber to equal heights. The platinum wires were directly contacted 
with the fluid medium within the microchannel so that the external electrical field 
can be applied. Inlet and outlet tubes were balanced at the same height before every 
trial to minimize experimental diversity due to pressure differences. One of the 
fabricated microfluidic device used in the experiments was shown in Figure 4-5.  
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Figure 4-5 the fabricated microfluidic device with revisable electrodes 
4.2 Electrodes 
A platinum wire (No.767000, WA 98382) with 20mm in length and 5 µm in 
diameter was sealed in a syringe needle with a diameter of 1.65 mm using PDMS, as 
shown in Figure 4-6. This simple reversible electrode has an advantage of excellent 
conductivity and sealing performance. The fluid medium did not leak through the 
punched electrode holes due to the sufficient sealing. The positions of the reversible 
electrodes can be adjusted by changing the position of punched electrical holes. 
 
Figure 4-6 Platinum wires sealed in syringe needle as reversible electrodes. 
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4.3  Particle preparation 
Internally dyed fluorescent polystyrene particles with different diameter were 
purchased from Thermo Fisher Scientific. Particles with a diameter a=4.9μm 
(Product No. G0500, CV5%), 8μm (Product No. 36-3, CV18%), 9.9 μm (Product 
No. G1000, CV5%) ,13 μm (Product No. 36-4, CV16%) and 24μm (Product No. 36-
5, CV12%)were suspended respectively in deionized (DI) water with 0.1% w/v 
polysorbates 20 (SIGMA-ALDRICH Product No. P9416), preventing the particles 
from aggregation, also preventing blocking at the corner of channel chamber. The 
weight ratio of particles in the suspension was 0.025%~ 0.1%, and the concentration 
of beads suspension used for the experiments is in the order of 105 counts/ml-106 
counts/ml.  
The particle properties are illustrated in Table 2. 
Particle size(µm) CV Fluorescence Density (g/cm3) 
Product 
number 
4.9 5% Green 1.05 G0500 
9.9 18% Green 1.05 36-3 
13 16% Red 1.05 G1000 
24 12% Red 1.05 36-4 
4.4 Equipment Setup 
The microfluidic device was placed on an inverted microscope (CKX41, Olympus, 
Japan), illuminated by a mercury arc lamp. The particle suspension was infused into 
the microchannel with specific flow rate by a programmable syringe pump (Legato 
100, Kd Scientific). The electric field was generated by a DC-electric source 
(N5772A, Agilent Technologies). The fluorescence images were observed and 
captured by a CCD camera (Rolera Bolt, Q-imaging, Australia), and then post-
processed by the software Q-Capture Pro 7 (Q-imaging, Australia). The exposure 
time for each frame was set at 100 ms. The experimental setup was shown in Figure 
4-7.  
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Figure 4-7 Experimental setup for the tests of inertial microfluidic device. 
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5 RESULTS AND DISCUSSION 
5.1 Inertial focusing in straight channel with semicircle obstacle 
5.1.1 The mechanism of inertial focusing and separation in a straight channel with 
semi-circular obstacle array 
First, the inertial focusing and separation of microparticles in a straight microchannel 
with semicircular obstacle arrays were investigated. The schematic illustration of a 
microchannel with a series of symmetric semicircle obstacles for microparticle 
focusing and separation was shown in Figure 5-1.  
Mixed particles were injected through the inlet without sheath fluid. Particles 
experience inertial lift forces as they flow downstream in the straight section. Large 
particles (green in Figure 5-1) experience significant lift forces that migrate close to 
the channel center when a low aspect ratio of the channel is used. For small particle 
(red in Figure 5-1), due to the smaller lift forces, no obvious focusing profile was 
found, but particles were to be found away from channel walls. When all particles 
enter the obstacle array zone, and the secondary flow effect is stronger than the 
inertial lift forces [50], the motion of small particles are modified by two localized 
pairs of secondary flow within microstructures, therefore, new small particle 
focusing profiles are created near the sidewalls of the channel (Figure5-1(iii)). 
However, for large particles, the inertial lift forces still overweigh the secondary flow 
when they travel through the obstacle array zone, and they remain in the middle of 
the channel [50]. After passing the obstacle array zone, large particles are located in 
the channel center, while small particles are positioned closer to the channel 
sidewall. Then, after they enter the last straight rectangular channel, interactions 
between lift force and secondary flow is stabilized, therefore different trajectories for  
two differently sized particles are formed, as shown in Figure 5-1(iv). This is the 
main mechanism for inertial focusing and separation in the straight channel with 
semicircular obstacle arrays. In the following, experimental tests were conducted to 
investigate and verify the focusing and separation mechanism. 
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Figure 5-1 Design and operating principles of the inertial focusing and separation 
device. (i) Randomly mixed microparticles at the inlet; (ii) Small particles (red) are 
dispersed, while large particles (green) vertically focus at the centre of the channel; 
(iii) Secondary flow induced by microstructures, and small particles migrate to 
channel walls, while the large particles remain focused at the channel centre; (iv) 
Two separated particle streams was shown at end of the microchannel. 
5.1.2 The inertial focusing of large microparticles (13 µm and 24 µm) 
The suspensions of 13 μm and 24 μm polystyrene particles were respectively injected 
at flow rates of 20 μL/min, 50 μL/min, 100 μL/min and 200 μL/min (corresponding 
to Reynolds numbers of 3.68, 73.8, 6.71 and 134.2, respectively). The relevant 
fluorescent images were taken from midstream (the 10th-11st semicircle obstacle) and 
outlet (the 20th semicircle obstacle) of the microchannel as shown in Figure 5-2.  
For 13 μm particles, when the flow rate was increased from 10 µL/min to 200 
µL/min (Re from 3.68 to 73.8), the inertial lift force was dominant; particles were 
driven to the two equilibrium positions close to the sidewalls. After passing a series 
of symmetric semicircle obstacles, 13 μm particles were focused in two side streams 
from the midstream to the outlet of the microchannel (Figure 5-2(b)). When the flow 
rate was increased to 100 μl/min (Re =18.4), the particle velocity increased and so 
did the secondary flow, which started to play a role in particles’ lateral migration. 
Partial microparticles originally located near the center were driven to the centerline 
of the channel. Therefore, there are three focusing streaks at the outlet of the 
microchannel, shown in Figure 5-2(b), Further to increase the flow rate, two 
symmetric vortexes were formed near the semicircle obstacles (see Figure 5-2(b)), 
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and some particles are trapped within the micro-vortex. Although we did not conduct 
experiments at a higher flow rate due to the bonding strength of microfluidic devices, 
it can be predicted that with increased flow rate, more particles will be driven to the 
symmetric side vortex streams.  
However, for the case of 24 µm particles, as the flow rate was increased from 
10 µl/min to 100 µl/min, inertial focusing bands became narrower and accurately 
placed at the centerline of the channel. We found that all the 24 µm particles tended 
to be focused at the center at a wide range of flow rates (from 10 µl/min to 200 
µl/min), while 13 µm particles preferred to be focused at two side particle streaks at 
relatively lower flow rates (10 µl/min -50 µl/min) and to be focused at centerline as 
well as two side streams at flow rates of 100 µL/min - 200 µL/min. Hence, the two 
differently-sized microparticles can be separated in the current microchannel at a 
suitable flow rate range (10 µl/min - 50 µl/min).  
 
  
Figure 5-2 Particle inertial focusing progress in the microchannel at flow rates of 10 
μl/min, 50 μl/min, 100 μl/min and 200 μl/min, respectively. (a) The particle diameter 
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of 13 μm at the inlet at a flow rate of 50 μl/min. (b) The particle diameter of 13 μm at 
the outlet at a flow rate of 10 μl/min, 50 μl/min, 100 μl/min and 200 μl/min. (c) The 
particle diameter of 24 μm at the inlet at a flow rate of 50 μl/min. (d) The particle 
diameter of 24 μm at the outlet at a flow rate of 10 μl/min, 50 μl/min, 100 μl/min and 
200 μl/min.  
5.1.3 The inertial focusing of small microparticles (5 µm) 
To further explore the inertial focusing of particles with smaller particle sizes in the 
straight microchannel with semicircular obstacle arrays, 5 μm polystyrene particles 
were used in the tests, and results were shown in Figure 5-3.  
 
Figure 5-3 5um Particle inertial focusing progress in flow rates from 10 μl/min to 
200 μl/min ( at the 19th semicircle obstacle).  
From Figure 5-3, 5 µm particles can be preliminarily focused within 20th 
symmetric obstacles, which prove our devices have the potential for focusing small 
size particles in longer obstacle arrays. Note that the minimum size of particles that 
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can be separated is limited by the widely accepted theory that the particle diameter to 
the hydraulic diameter ratio (ap/Dh) should be greater than 0.07 [94]. Based on this 
notion, particles with a diameter smaller than 3 µm would remain unfocused in the 
microchannel and cannot be separated. 
For the presented novel inertial device, we add microstructures into the straight 
microchannels to induce localized secondary flows [20, 110, 111] which adapt the 
original particle focusing profiles in straight rectangle channels. In order to 
understand the secondary flow motion and particle behaviors, we conducted a three-
dimensional model of flow field using COMSOL Multiphysics. Briefly, the Navier-
Stokes (NS) equations were solved by the finite element methods numerically. 
Figure 5-4 shows a three-dimensional cross-section evolution of velocity field. Due 
to the simulation limit, two pairs of semicircle obstacles were computed to reduce the 
computational costs and time. While large particles are not affected much by 
secondary flow because of large inertial lift forces, small particle trajectories are 
mainly determined by secondary flow, which could explain the small particle (red) 
behavior in Figure 5-1. 
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Figure 5-4 The secondary flow within typical cross sections in a straight channel 
with symmetric semicircle obstacle array at different positions. The colored curves 
are the dynamic trajectory of the velocity field, and the colored legend indicates the 
magnitude of secondary flow. The arrows represent the flow direction. 
5.1.4 Inertial separation of 13-µm and 24-µm microparticles 
To quantitatively analyze the particle stream band for 13 and 24 µm particles at 
channel outlet, we calculated the fluorescence profile of the two differently sized 
particles at a suitable Reynolds number from images shown in Figure 5-2 using 
ImageJ software, to evaluate the particle focusing and separation performance. 
Figure 5-5 shows in our microchannel with cave-like obstacles, two symmetric 
fluorescence intensity peaks for 13 µm particles were generated at approximately 
0.7w with a bandwidth of ~0.2w (50 µm), in comparison, one fluorescence intensity 
peaks for 24 µm particles were generated at approximately 0.1w with an average 
bandwidth of ~ 0.3w (75 µm) at the centre of microchannel. These results show that 
13 µm particles were more tightly focused as two particle streams under a flow rate 
of 50 µL/min. And 24 µm particles were focused easily at channel centreline by the 
array of semicircle obstacles channel. 
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Figure 5-5 Fluorescence intensity distribution curves of 13-µm and 24-µm 
microparticles in the microchannel with semicircle obstacle arrays at a flow rate of 
50 µL/min. 
Furthermore, a parallelization using straight channels is better suited for large 
spatial spiral or serpentine designs. Comparing with other particle separation 
methods by Warkiani et al. [112] and Bhagat et al. [113]. The presented approach 
uses microstructure to induced secondary flow, which is fundamentally different with 
the one utilized pinched. Also, note that the focusing mechanism in the present 
design is different from that of the method proposed by Park et al. [114] who 
proposed a similar channel design, but both the the resulting operating mechanism 
and channel dimension are completely different. Park et al. [114] exploited vortices 
pinch particles for separation. The vortices are trapped in expansion regions 
revolving around an axis orthogonal to the primary flow direction. However, the 
vortices in this work expand throughout the channel, traveling downstream as helical 
motions with the revolving axis parallel to the main flow direction. 
5.2 Inertial focusing assisted with electrophoresis in a straight channel with 
semicircular obstacles 
A non-uniform electric field can be generated within this channel when a DC power 
is imposed on the inlet and outlet of the channel. The particles experience a 
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dielectrophoretic force (FDEP) induced by the non-uniform electric field. Meanwhile, 
the polystyrene particles are negatively charged in the electrolyte solution [99], they 
experience an electrophoretic force (FEP) as well. The direction of the electrophoretic 
force is opposite to the direction of electric field. The electrophoretic force can 
decrease or increase the particle speed to induce particles lag behind or lead the flow. 
Therefore, a Saffman force (FS) will act on the particles to drive particles to migrate 
toward the channel center or to the channel walls. 
The Schematic of inertial focusing assisted with the DC-electric field is shown in 
Figure 5-6. The direction of the electric field is inverted in Figure 5-6 (a) and (b). In 
Figure 5-6 (a), the Anode is at the inlet, while Cathode is at the outlet, and the 
electric field direction is from inlet to outlet; However, in Figure 5-6 (b), the Cathode 
is at inlet, and Anode is at outlet, and the electric field direction is from outlet to inlet. 
Figure 5-6 (a) and Figure 5-6 (b) show the principles of lateral migration of particles 
and towards and against the channel centerline due to the electrophoresis 
modification, respectively. In this channel with the DC-electric field, particles 
actually are affected by dielectrophoretic, electrophoretic, and saffman lift forces. 
However, the dielectrophoretic force is too weak compared to saffman lift force and 
inertial lift force. When the electrophoretic force direction is inverse to the flow 
direction of particles, the particles will lag behind the flowing fluid, therefore, the 
saffman lift force directs to the center of the channel, and particles migrate to channel 
centerline (Figure 5-6 (a)); When the electrophoretic force direction is the same as 
the fluid flow direction exerted by the external pressure, the particles will lead the 
flowing fluid, therefore, the saffman lift force directs to the channel sidewalls, and 
particles are modified to migrate toward channel walls (Figure 5-6 (b)).  
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Figure 5-6 Schematic of inertial focusing assisted with a DC electric field. (a) The 
principle of radially-inward (toward the channel center) migration of particles by the 
electrophoresis-induced saffman force. (b) The principle of radially-outward (toward 
the channel wall) migration of particles by the electrophoresis-induced saffman 
force. 
5.2.1 Effects of electric field direction 
Experiments were carried out by inserting Anode in the inlet, and Cathode in the 
outlet, while pumping fluid containing 5 µm particles to the channel. The electric 
field is from the inlet to outlet. The direction of the electric field is reversed by 
reversing Anode and Cathode. Figure 5-7 shows the effects of direction of electric 
field. The particle distribution under pure inertial flow condition is used for 
comparison (Figure 5-7 Inertial). In Figure 5-7 (left, Inertial + 500V), the 
electrophoretic force direction is inverse to the flow direction of particles, the 
particles lag behind the flowing fluid, therefore, the saffman lift force directs toward 
the center of the channel, and particles migrate to channel centerline under the 
combination of dielectrophoretic force (FDEP), electrophoretic force (FEP), and 
Saffman force (FS). Compared with the particle distribution under the pure inertial 
condition, the particle focusing width is much narrower under radially-inward 
Saffman force. When the electric field is from outlet to inlet, the direction of the 
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electrophoretic force imposed on the negatively charged particles is the same as the 
flow direction, and then the particles lead the flowing fluid, therefore, the saffman 
lift force directs to the channel sidewalls, and particles migrate to channel walls 
under the combination of forces (Figure 5-6 (7) right Inertial -500V). Compared with 
the particle distribution under the pure inertial condition, the particles were pushed to 
the channel walls under radially-outward Saffman force. As can be seen from the 
corresponding fluorescent profiles as well, the particles focusing width becomes 
narrower by radially-inward Saffman force, and particles are pushed to the channel 
walls under radially-outward Saffman force.  
 
Figure 5-7 Effects of the direction of electric field. 
5.2.2  Effects of flow rates 
The effects of flow rates were investigated at fixed electric voltage of + 500V and -
500V, respectively. The flow rate range is ranging from Q = 10 µl/min to Q = 100 
µl/min. The particle distribution under pure inertial flow condition is used for 
comparison (Figure 5-8 Inertial). Figure 5-8 (a) shows the effects of flow rates 
investigated in Inertial + 500V circumstance. The Saffman force is radially inward, 
and the particles focusing width becomes narrower by Saffman force. When the flow 
rate is relatively low (from Q = 10 µl/min to Q = 30 µl/min), the inertial effects can 
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be neglected. Therefore, the Saffman force can overcome the inertial lift force and 
push particles toward the center of the channel. However, as the flow rate increases 
(Q = 50 µl/min to Q = 100 µl/min), the inertial effect begins to become dominant, 
thus there is no significant difference in the distribution of particles at pure Inertial 
and Inertial + 500V.  
Figure 5-8 (b) shows the effects of flow rates investigated in Inertial -500V 
circumstance. The Saffman force is radially-outward and the particles are pushed to 
the channel walls by Saffman force. When the flow rate is relatively low (from Q = 
10 µl/min to Q = 80 µl/min), the inertial effects are very weak. Therefore, the 
Saffman force can overcome the inertial lift force and push particles toward the 
channel walls. However, as the flow rate increases further (Q = 100 µl/min), the 
inertial effect becomes dominant, and the Saffman force cannot overcome the inertial 
effects, thus there is little difference in particle distribution at pure Inertial and 
Inertial -500V. We also found that the effects of the radially-outward saffman force 
occupy a much wide flow rate range than that of the radially-inward saffman force. 
This is because the fluid flow and particle velocities near channel walls are much 
slower than that at the channel centre, therefore a weak saffman force can migrate 
particle toward sidewalls. 
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Figure 5-8 Effects of electric field direction. (a) Effects of flow rates on particle 
distribution at pure Inertial and 500V circumstance. (b) Effects of flow rates on 
particle distribution at pure Inertial and -500V circumstance.  
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5.2.3 Effects of electric field strength 
The direction of the electric field can induce radially-inward or radially-outward 
forces, meanwhile, the strength of the electric field can influence the particle 
distribution as well. Figure 5-9 shows the effects of electric field value at a flow rate 
of 10 µl/min. The electric voltage is increased from 0V to 500 V with the step of -
100 V (the electric field direction is from the outlet to inlet). When the voltage is 0V, 
or under pure inertial condition, the particles are randomly distributed; as the voltage 
imposed, the electrophoretic force direction is the same as the flow direction of 
flowing particles, the particles lead the flowing fluid, therefore, the Saffman lift force 
directs to the channel sidewalls, and particles began to aggregate along the channel 
walls; as the value of voltage increases further, more particles are pushed to the 
channel sidewalls, and the radially-outward migration of particles become more 
obvious.  
 
Figure 5-9 Effects of electric field value at a flow rate of 10 µl/min. The electric 
voltage range is from 0V to -500 V with the step of -100 V (the electric field 
direction is from the outlet to inlet).  
Besides 10 µl/min, the effects of electric field value were investigated at a wide 
range of flow rates. The particle distributions are compared at different voltages 
(Inertial -300V, Inertial -500V) at each flow rate from 10 µl/min to 100 µl/min 
(Figure 5-10). As can be seen from Figure 5-10, the radially-outward particle 
migration is more obvious in Inertial -500V. When the flow rate increases to a 
certain value (30 µl/min), where the inertial effect cannot be neglected, and the 
saffman lift force in a relatively lower electric field cannot overcome the inertial 
effect. However, radially-outward particle migration is still obvious when Q = 80 
µl/min at Inertial -500V. At a flow rate of 10 µl/min, inertial effects overcome the 
saffman force, thus particle distributions are almost the same in inertial, Inertial -
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300V, and Inertial -500V circumstances. In summary, the saffman force is more 
dominant with larger electric field and slower flow rate.  
 
Figure 5-10 Effects of electric field strength on particle distribution (Inertial -300V, 
Inertial -500V) for flow rate from 10 µl/min to 100 µl/min. The electric field 
direction is from the outlet to inlet.  
5.2.4 Effects of particle size 
In addition, we investigated the effects of particle size on particle distribution under 
the effects of saffman force. Distribution of 5 µm and 13 µm particles in Inertial -
300V from flow rate 10 µl/min to 50 µl/min is shown in Figure 5-11. Compared with 
5 µm particle distribution, 13 µm particles are more randomly distributed at channel 
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central area although two obvious focusing line along channel sidewalls can be 
observed. This is because for particles with the larger size, the inertial effect is more 
obvious, and particles are prone to be focused at the center of the channel (The 
inertial lift force is proportional to the fourth power of the particle size, while the 
saffman force is proportional to the second power of the particle size). However, the 
saffman force cannot entirely overcome inertial lift force, and there are still a large 
amount of larger particles distributed across the whole channel. The inertial effect 
becomes more dominant at a higher flow rate, therefore, this phenomenon becomes 
more obvious as the flow rate increases (50 µl/min). Meanwhile, the inertial effects 
of smaller particles are much weaker than that of the larger particle, therefore, 
saffman force can still pinch particles along two sidewalls when the flow rate is as 
high as 50 µl/min. Distribution of 5 µm and 13 µm particles in Inertial -500V from 
flow rate 10 µl/min to 50 µl/min are similar to that of in Inertial -300V, as shown in 
Figure 5-12. With a higher electric field, a stronger saffman force can be induced, 
and more particles can be observed to focus along the channel sidewalls.  
 
 
78 
 
Figure 5-11 Distribution of 5 µm and 13 µm particles in Inertial -300V from flow 
rate 10 µl/min to 50 µl/min.  
 
Figure 5-12 Distribution of 5 µm and 13 µm particles in Inertial -500V from flow 
rate 10 µl/min to 50 µl/min. 
6 CONCLUSIONS AND FUTURE WORK 
6.1 Conclusions 
The main objective of this research is to carry out a high controllability inertial 
focusing and separation in a straight microchannel containing microstructure 
obstacles. The previous works have provided demonstrations reported a continuous, 
passive high-throughput filtration device, employing secondary flow aided inertial 
migration of particles in our platform. This work demonstrates single inertial 
focusing streak at channel center phenomenon and two focusing streaks along 
sidewalls. And the effect of different size and flow speed were also studied 
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experimentally. With high controllability, our novel platform can be used as size-
based particle separation.  
Besides, we implement relative velocity gap between microspheres and fluid 
flow in a horizontal straight channel by electrophoresis. Therefore, inertial lift force 
conducted by relative velocity differential create particles migrate toward or against 
channel center along lateral direction. Two focusing streaks at two sidewalls were 
observed. This finding can be used in blood cells filtration filed and has an advantage 
of high purity and high WBC’s recovery. 
Finally, inertial focusing assisted with the DC-electric field in the the straight 
channel with semicircle obstacles array was investigated. Particles experience 
dielectrophoretic force (FDEP), electrophoretic force (FEP), and saffman lift force (FS). 
When the electrophoretic force direction is inversed to the flow direction of particles, 
the particles will lag behind the flowing fluid, therefore, the saffman lift force directs 
to the center of the channel, and particles migrate to channel centerline; when the 
electrophoretic force direction is the same as the flow direction of flowing particles, 
the particles will lead the flowing fluid, therefore, the saffman lift force directs to the 
channel sidewalls, and particles migrate to channel walls. Compared with particle 
distribution in pure inertial condition, particles focusing width becomes narrower by 
radially-inward Saffman force, and particles are pushed to the channel sidewalls 
under radially-outward Saffman force. Based on this phenomenon, the effects of 
electric field direction, effects of flow rate, effects of the electric field value, and 
effects of particle size were studied. These phenomena indicate that this device has 
the potential to be used in biological or chemical applications such as filtration, or 
separation by size or by the surface charge of bioparticles. 
6.2 Future work 
In this work, by employing secondary flow aided inertial migration of particles, 
particles can form a focusing streak. This can be used in blood cells or other 
bioparticles filtration.  
Based on the fact that particles with different sizes have a different focusing 
position in this channel. It can also be used as a tool for particle or cell separation. 
In our work, we demonstrated the particle focusing and migration phenomenon 
by the electrophoresis-assisted inertial method. Due to the limitation of the strength 
of electric field, the focusing performance did not meet our best desires. We expect 
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the performance will be improved with the use of trifurcation outlet, extra high 
voltage DC-power and longer arrays of semicircle obstacles in the future. And also 
we will extend this work using biological particles, to explore its potential 
applications, e.g., blood cells filtration and cell manipulation. 
In summary, we hope that our study can not only reveal the new possible 
explanation of inertial focusing in simple straight channels with microstructure, but 
also provide high controllability and versatile particle filtration and manipulation 
platforms, for the practical application of biological sample treatment and clinical 
blood cells filtration. 
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